Introduction
Laparoscopy is minimally invasive surgery ͑MIS͒ performed in the abdominal cavity. The abdominal cavity is insufflated with carbon dioxide to create a small workspace. The surgeon performs surgery in this space using long instruments that are inserted through small tool ports ͑trocars͒ in the abdominal wall of a patient.
MIS offers the patient reduced trauma and quicker recovery, but this surgical approach is difficult for the surgeon due to reduced dexterity and limited perception. The surgeon cannot directly view the abdominal cavity, and instead views a monitor that displays images from a laparoscope camera, also inserted through a port. The surgeon cannot touch the surgical environment directly and is challenged by the fulcrum effect imposed by working with tools constrained by the fixed tool port.
Surgical robotic systems have been developed to improve the surgeon's dexterity by filtering tremor and scaling motions, but these external systems are very large, expensive, and still fundamentally constrained by the entry incision ͓1-3͔. An alternative approach is to place the robot completely within the abdominal environment. These in vivo robots would then be able to provide vision and task assistance without being constrained by the entry port ͓4͔.
This paper describes the design and development of in vivo robots that provide a mobile platform on which imaging systems, graspers, and other tools can be attached. Four different mobile robots have been developed that provide different capabilities. While all unique, they share the same basic design of two drive wheels and a stabilizing "tail," as shown in Fig. 1 . The two independently controlled wheels provide forward, reverse, and turning capability, while the tail prevents counter rotation of the body. The robots are driven using a differential ͑i.e., skid͒ steering approach, where each wheel is controlled by an independent thumb-sized joystick. This kinematic configuration meets several constraints: ͑1͒ the robot must fit through a trocar port, which is approximately 100 mm long and narrow ͑trocars range in diameter from 5 mm to 15 mm͒, ͑2͒ the drive motors are long cylinders of small diameter ͑6 mm diam motors were used here͒, ͑3͒ the robot must be simple and robust for reliability and durability.
The four mobile robots are shown in Fig. 2 . The top left robot ͑12 mm in diam͒ was used to explore the peritoneal ͑abdominal͒ cavity of an animal after it was introduced through the esophagus and a hole in the gastric ͑stomach͒ cavity, as explained in Sec. 7. The top right robot ͑15 mm in diam͒ has been used extensively as a prototype for robot design refinements and in animal abdominal surgeries. The bottom two robots both include an adjustable-focus camera while the robot in the bottom right also includes a biopsy grasper. These two robots have been used to assist in the surgical removal of an animal gallbladder and while performing a liver biopsy, as explained in detail in Sec. 7.
The focus of this paper is the successful mechanical design of a wheel subsystem to enable in vivo wheeled mobility. Experimental laboratory bench tests were first completed to identify a promising candidate wheel design. Finite element analysis ͑FEA͒ was then performed to study the effect of candidate wheel geometry on mobility performance and drawbar force generation. Next, several prototype mobile robots were designed and built to test drawbar forces in a laboratory environment. Finally, several mobile robots were successfully tested in vivo during animal surgeries.
The long-term goal of this work is to create multiple mobile platforms with a variety of sensors and manipulators to produce a low-cost robotic team that could be inserted into the abdominal cavity through a single incision. Such a family of robots could be capable of performing entire procedures while being remotely controlled by a surgeon.
Background
2.1 Surgical Robotics. The use of robotics is currently recognized as a major driving force for advancing MIS ͓2,5,6͔. However, current surgical robots, such as the da Vinci system made by Intuitive Surgical, have several significant limitations. Although one recent report concluded that robotic surgery can enhance dexterity compared to traditional laparoscopy ͓7͔, most studies suggest that current robotic systems offer little or no improvement over standard laparoscopic instruments in the performance of basic skills ͓8-10͔. Current systems are also not available in most hospitals and remain constrained by limited sensory and mobility capabilities and high cost.
Much research is focused on developing next generation robots that improve mobility and sensing, while reducing complexity and cost. For example, the Laprotek System is being developed in Boston, MA by endoVia Medical ͓11͔. This system shares the same basic framework as da Vinci ͑i.e., three components consisting of a surgeon console, robot platform, and camera tower͒, but has a smaller footprint, weighs much less, and will cost about one-quarter of the price. This system still requires regulatory clearance and is not yet commercially available. The Carnegie Mellon Robotics Institute is developing intelligent microsurgical instruments to electronically cancel tremor in handheld surgical tools ͓12-14͔. A full prototype has been completed, and preliminary tests indicate tremor oscillations can be reduced by as much as 50%. Prototypes of new endoscopic tools with force and tactile feedback and smaller and less expensive robotic systems are being created at the Bio-Robotics Laboratory at the University of Washington ͓15-17͔.
In vivo Robotics.
All of the above systems are implemented from outside the body and will therefore always be constrained by the limitations of working through small incisions. Some work has been done to develop medical robots in which all ͑or most͒ of the device enters the body. The simplest such mechanisms have been maneuverable endoscopes for colonoscopy and laparoscopy ͓18,19͔. These devices have actuators that can deflect the endoscope tip after it enters the body. However, support equipment for power and control ͑and sometimes actuation͒ remain outside the body.
More advanced in vivo robots have been developed to explore hollow cavities, such as the colon or esophagus, with locomotion systems based on "inch-worm" motion that use a series of grippers and extensors ͓20,21͔, rolling tracks ͓22͔, or rolling stents ͓23͔. These devices all use external power in the form of electricity and/or vacuum sources, or hand power for locomotion.
Another approach is a completely untethered pill that is swallowed and passively passed through the entire gastrointestinal ͑GI͒ tract. One such commercially available device, called M2A from Given Imaging Ltd ͓24,25͔, returns thousands of images as it naturally moves through the GI tract. However, because the device is entirely passive, it cannot be directed to image a particular location, and the exact locations, of the images are not known. Combined with the very large volume of images, the use of this device for diagnosis is difficult. Very similar devices are now available from Norika ͓26͔, Olympus ͓27͔, and Smart Pill Corporation ͓28͔. Dario et al. have recently described an endoscopic pill with an active locomotion system that uses legs to push against the gastrointestinal walls ͓29,30͔, and a clamping system that uses shape memory alloys ͓31͔. This device is still in a conceptual development stage.
Finally, there is a robot called "HeartLander" that uses suction cups to move across the surface of the beating heart ͓32,33͔. Prototypes have demonstrated successful prehension, turning, locomotion, and dye injection in a porcine model. This device requires external connections for actuation, power, and therapeutic tool insertions.
Most of the in vivo robots described above are designed to function in very specific locations in the body. They are all either nonmobile, or their mobility systems require narrow hollow cavities, external power, or natural processes to function. Here we describe the design and development of a mobile robot that operates entirely within the body in the open environment of an insufflated abdomen during laparoscopic surgery.
Wheeled Mobility.
A wheeled mobile robot moving inside an abdominal cavity can be viewed in the general context of wheel-surface interaction. Wheel-surface interaction has been studied extensively in the robotics and automotive communities in the context of vehicle-terrain interaction. First attempts to develop a comprehensive theory applicable to all terrains were made at the Land Locomotion Laboratory ͓34͔. In 1967, Onafeko and Reece developed an improved theory for including shear stress with wheel slip during wheel-soil interaction ͓35͔. Wong and Reece ͑1967͒ showed that there are both radial and tangential stresses on the wheel-soil interface ͓36͔. It was also shown that these do not only depend on soil properties and wheel dimensions, but wheel slip as well. Additional work has used analytical models to approximate wheel/soil interaction ͓37,38͔, as well as finite element methods ͓39,40͔.
Although the above studies can yield insight into the wheeltissue interaction phenomena, the surface inside the abdomen possesses several key differences from most terrestrial terrains. The internal organs can be highly deformable and very slick, and the constitutive relations describing wheel-organ interaction are quite different than those of soils. In addition, the tissue membrane can bear significant tensile forces, which is generally not possible for deformable soils. Also, the surface deformation under the weight of the robots in Fig. 2 can be high, sometimes even larger than the wheel diameter. Thus, dedicated tissue models are required to accurately model tissue-terrain interaction. Work has been done to analytically model the wheel and tissue interaction ͓41͔. Due to the complex nature of the modeling problem, the work described here adopted a design process based on empirical analysis of experimental results.
3 Candidate Design 3.1 Constraints. To identify a candidate wheel design, several distinct wheel profiles were tested using a purpose-built laboratory test platform. A successful wheel needs to produce sufficient positive drawbar force to be able to traverse the hilly, slick, and deformable abdominal environment. Manufacturability and sterilization were also key components to a successful design. 
Laboratory Testing.
A laboratory test platform was created, as shown schematically in Fig. 3 , to help determine an effective wheel design that is capable of producing sufficient drawbar forces, while minimizing tissue damage. This system is capable of actively and independently controlling the linear velocity and rotational velocity of the wheel, allowing arbitrary wheel slip to be induced. The resulting drawbar force is measured by a load cell. During experiments, a wheel that is similar in size, shape, and material to the proposed robot is moved across a model of an organ.
The system consists of a linear slide that moves a wheel assembly at a specified linear velocity. The slide is actuated with an independent motor. The wheel assembly is attached to the slide by a lever that is used to dictate the wheel/organ normal force. The rotational velocity of the wheel is independently controlled by a motor attached with a drive belt.
A load cell, attached between the lever arm and the wheel assembly, is used to measure the drawbar force. As shown in Fig. 4 , a suspended pendulum design was used with a hinge at the top of the assembly to provide a low friction actuation point so that the load cell could detect the small forces generated by the wheel. To amplify the recorded drawbar force, the load cell was placed near the hinge. An inclinometer on the lever is used to determine surface deflections.
Excised, previously frozen, bovine ͑cow͒ liver was used to emulate the in vivo operating conditions mobile robots would experience. While this liver model does not capture all of the effects of the in vivo conditions, it can be considered a reasonable approximation.
Experiments were performed to study the mobility characteristics of wheels of varying diameter and geometry moving across bovine liver. In each experiment, the wheel assembly was driven across the bovine liver at a fixed linear velocity of 1.0 cm/ s, while the angular velocity of the wheel was independently controlled at various slip ratios. The slip ratio is defined as
where cm is the angular velocity of the wheel ͑negative͒, ẋ cm is the linear forward velocity of the center of mass of the wheel, and r is the wheel radius.
The steady-state drawbar force was measured and averaged over a set of five tests for each slip ratio and applied normal force. The prototype robot weighed 0.30 N, and the applied normal forces were 0.15 N, 0.30 N, and 0.45 N. The test wheels had the same wheel length as the prototype robot. Positive drawbar force indicates tension in the load cell ͑i.e., the wheel is pulling͒; while negative force indicates the load cell is in compression ͑i.e., the wheel is being pushed͒. The total distance traveled was approximately 12 cm during each test. Experiments were performed at slip ratios of 0, 0.09, 0.17, and 0.23, which represent a range of positive slip ͑pull͒ and no slip ͑at SR= 0͒.
Four-wheel geometries, shown in Fig. 5 , were tested. The first wheel ͑"female"͒ had eight small grooves and eight grousers, while the second ͑"male"͒ had larger grooves and more pronounced grousers. The third wheel ͑"helical"͒ had eight small grooves that corkscrew around the wheel along the axis, and the fourth wheel ͑"brush"͒ had a pattern of hair brush bristles. The tests described above were repeated with each wheel on the bovine liver.
Experimental Results.
The helical wheel performance was observed to be superior to the other wheels, and the results for this wheel are shown in Fig. 6 . At low slip ratios, the drawbar force is negative, and thus the wheel is being pushed across the liver. This is likely due to the motion resistance caused by viscoelastic liver deformation. This effect becomes more pronounced as the normal force increases, resulting in a larger normal pressure and thus greater sinkage into the liver. However, as the slip ratio increases, the motion resistance forces are overcome by two mechanisms: the increased force allowed by greater shear defor- mation between the grousers and tissue, and the physical engagement between the wheel and organ. Thus, for the geometries and slip ratios considered here, increasing the normal load tends to increase the drawbar force. Results using the female wheel showed low traction forces that were predominantly a result of fluid shearing. In this case, the grousers were too wide and the gaps between them too narrow to create sufficiently large stress concentrations to produce high drawbar force. The results from the male wheel and brush wheel tests were similar to the helical wheel. However, both produced slightly less positive drawbar force at high slip ratios, and more negative drawbar force at low slip ratios, compared to the helical wheel. Further, the velocity profile of the male wheel was not smooth, due to significant grouser-organ impact forces, and it was hypothesized that this would lead to poor performance during actual surgical procedures. The brush wheel was eliminated due to the complexities in manufacturing and sterilization. Therefore, from bench tests, the helical wheel was chosen as the most appropriate design to optimize for end use. It matched the performance of the male wheel, but in a smoother, more controlled, fashion with a smooth velocity profile.
Conclusions.
Experimental studies led to a promising candidate wheel design with helical grousers. Clearly, altering the geometric properties of the wheel would impact the mobility properties of the robot ͑i.e., the available drawbar force͒. A finite element analysis ͑FEA͒ was developed to study the effect of wheel parameter variation on mobility for candidate design.
Finite Element Analysis
Finite element modeling of viscoelastic tissue interaction with wheel grousers has not been documented in the literature. A challenging portion of this study was modeling the contact point between the wheel grouser and the liver model.
Liver Mechanical Properties.
A liver material model, derived from laboratory experiments, was implemented as a viscoelastic material. An experimental system was designed to perform a creep test using the bovine liver. During this test, a weight applied a nearly constant stress to the tissue sample as the material deflection response was measured ͓42͔. The relaxation modulus ͑similar to the Young's Modulus in linear elastic mechanics͒ model used was a three-element model ͑2͒, known as a standard linear solid ͑SLS͒:
The values for the parameters of the SLS model were E ϱ = 5.43 ϫ 10 3 N/m 2 , E M = 7.51ϫ 10 4 N/m 2 , and M =300 N s/m 2 . These values were chosen to fit the response of the mechanics model to the relaxation data collected during the creep test. This liver constitutive mechanics model ͑3͒ was implemented in LS-DYNA finite element software ͓43͔ and used to study the performance of a helical wheel moving on it.
Baseline Helical Wheel.
During FEA studies, the liver model was fully constrained to replicate laboratory tests where the bovine liver is fixed in a tray. Additionally, as in the laboratory testing, the wheel was prescribed to translate horizontally at 1 cm/ s, while the rotational velocity of the wheel was varied to induce slip. Four different slip ratios from physical testing were used: 0.00, 0.09, 0.17, and 0.23. Following the definition for slip ratio ͑1͒, the prescribed rotational velocity was set based on the wheel's radius r.
Three different normal forces were studied to analyze the effect of variation in robot weight. These applied loads were 0.15 N, 0.30 N, and 0.45 N. These three loads approximate, respectively, half of the proposed robot's weight, equal the robot's weight, and 1.5 times the robot's weight. The four slip ratios were implemented for each weight during separate simulations. Therefore, during each simulation, one slip ratio and three different robot weights were tested. A good wheel design produces large drawbar forces at low slip ratios.
As shown in Fig. 7 , the rigid helical wheel was constructed using tetrahedrons, while the liver was composed of eight-node fully-integrated brick elements. The element size was 1 mm. The contact between the wheel and liver was first modeled using friction coefficients similar to that of lubricated metal on metal ͑ s ϳ 0.1, k ϳ 0.05͒, as an attempt to replicate the slick test and in vivo conditions. As the development of the simulation continued, other friction coefficients were implemented to better approximate the wheel-tissue interaction, as explained next. Contact force transducers were used to measure effective drawbar force in the x-direction.
During a single simulation, the wheel weight was varied from 0.15 N ͑from time zero until 1000 ms͒, to 0.30 N ͑until 2000 ms͒, and finally 0.45 N ͑until 3000 ms͒, as shown in Fig. 8 . The loads were applied with a slight ramping function. After an initial wheel settling time of 100 ms, the wheel's rotational velocity was set according to the slip ratio used for each simulation. The wheel's Transactions of the ASME rotational speed was set to 1.333 rad/ s ͑SR= 0.00͒, 1.465 rad/ s ͑SR= 0.09͒, 1.606 rad/ s ͑SR= 0.17͒, and 1.730 rad/ s ͑SR= 0.23͒ separately during each of the four simulations.
The combined results of these four simulations are shown in Fig. 7 . This modeling included only solid elements, therefore, to approximate the fluid interaction between the wheel and tissue, the friction coefficients were increased as the slip ratio was increased from 0.00 to 0.23. This was done to simulate the increased fluid shear stress at increased wheel speeds. The static friction coefficients used were 0.035, 0.050, 0.100, and 0.160. The dynamic friction coefficients used were 0.0175, 0.025, 0.050, and 0.080.
To validate the results of the baseline simulation, the results shown in Fig. 8 are presented in Fig. 9 in similar format to the laboratory test results ͑Fig. 6͒. Both sets of data ͑laboratory and FEA͒ show similar trends of increased drawbar force as slip ratio is increased and robot weight is increased at higher slip ratios. As noted for the physical tests, at lower slip ratios the lighter wheel exhibited higher drawbar force. The simulation values were found to be quantitatively and qualitatively similar to the results from the laboratory tests. Thus, this baseline model was used to study the effect of wheel parameter changes on wheel performance.
Tissue Damage.
The effect of the wheel design on induced stress in the tissue was studied. The von Mises stresses for this baseline model are shown in Fig. 10 . As the weight of the robot wheel increased and as the slip ratio increased, the stress in the tissue was found to increase. These results are expected, because an increase in weight or slip ratio causes increased stress concentrations at the grouser tips as the wheel shears the tissue.
The maximum von Mises stresses calculated for this baseline model at a slip ratio of 0.23 was 2.217 kPa, which is significantly less than stresses typically induced while surgeons handle tissue using traditional tools. During routine laparoscopic procedures, grasping forces as high as 40 N have been recorded ͓44͔ with corresponding tissue pressure of approximately 400 kPa. While an estimate, this shows that the use of in vivo wheeled robots presents a reduced risk of tissue damage from applied forces and stresses in the tissue. While conventional grasping forces are high enough to cause tissue damage, it is expected that in vivo robot tissue damage will be negligible compared to conventional procedures.
Helical Geometric Changes
Four different geometric properties of the helical wheel were studied: wheel diameter, grouser pitch, grouser width, and grouser depth. For each of the studies, the property of interest was perturbed from the nominal value of baseline model presented in the previous section.
Diameter Analysis.
From previous modeling with a smooth wheel ͓41͔, it was concluded that a large lightweight wheel would have superior performance, compared to a smaller diameter wheel of the same weight. This is mostly due to reduced motion resistance and torque loss due to the reduced sinkage. Reduced sinkage is due to the fact that a larger wheel exhibits lower normal stress on the tissue than a smaller wheel of the same weight.
A 12 mm diam and an 18 mm diam helical wheel were simulated using the FEA model presented in the previous section. The results for a slip ratio of 0.23 for the three different diameters ͑including the 15 mm diam baseline model͒ and for the three different robot weights are shown in Fig. 11 . These results show that a larger diameter wheel produces more drawbar force across slip ratios.
Grouser Pitch Analysis.
Next, variation in grouser pitch angle was studied to understand its influence on wheel perfor- Fig. 12 indicate that a lower pitch angle or a straighter treaded wheel produces a larger drawbar force. However, the laboratory results indicated that a slightly helical tread is desirable so that at least two grousers are in contact with the tissue at all times to ensure smooth motion.
Grouser Spacing Analysis.
Variation in grouser spacing was also studied. Three different grouser widths of 1.5, 2.5, and 3.5 mm were simulated. The baseline model had grousers with widths of 2.5 mm. For each of these models, the number of grousers remained eight. Therefore, as the grouser width increases, the gap between the grousers decreases.
As shown in Fig. 13 , as grouser width decreases, the drawbar force produced increases. We believe this is due to larger stress concentrations occurring along the thinner grouser with the larger gaps between the grousers leading to increased available drawbar pull force.
Grouser Depth Analysis.
Finally, the variation of grouser depth was studied. A shallower tread is desired to reduce the outer diameter of the robots. The baseline helical model has a grouser depth of 1.5 mm. Grouser depths of 0.5 mm and 2.5 mm were also simulated.
Results shown in Fig. 14 indicate that a larger grouser depth increases drawbar force, but only to a limited extent. The results suggest a maximum force between 0.5 mm and 2.5 mm for the 12 mm and 15 mm robots, however, there is not a significant difference between a grouser depth of 1.5 mm and 2.5 mm for any robot. Further FEA simulations indicate that increased drawbar force can be achieved by using a larger diameter wheel, shallower pitch angle, thinner grousers, and deeper grousers up to a point.
As the development of mobile wheeled in vivo robotics continues, there is an ever increasing need to achieve better wheel performance to effectively move robots of different geometry across the abdominal cavity. This work has helped to better understand wheel/tissue interaction. Ultimately, this simulation model can be used as a tool for designing wheel treads given a robot's geometry and weight.
Wheel Testing
Based on the finite element studies, several different helical wheels were developed. These designs were incorporated into robots and the drawbar forces were tested. The robots were tethered to a load cell to measure drawbar force at various wheel speeds. These tests were performed ex vivo on bovine liver.
Drawbar Force Procedure.
A set of four crawlers ͑Fig. 2͒ with different wheel geometries were tested on bovine liver in the laboratory. These crawlers all used two 6 mm diam permanent magnet direct current motors. The crawlers were tethered to a load cell to measure the drawbar force generation over a range of speeds. A pulse width modulated input voltage was varied from 0% to 100% along a ramp function. This was done for a 20 s ramp. Each crawler was tested five times and the mean drawbar force profile was calculated. The crawlers were steered using a joystick, as described in the Introduction.
Each of these crawlers has a slightly different pitch compared to the helical grouser profile. The average pitch is 27.1 deg, as shown in Table 1 . The number of grousers is different for each crawler to maintain a similar pattern of grouser width and spacing for the different wheel diameters. The average grouser width is 1.77 mm, and the average grouser spacing is 4.23 mm, as shown in Table 1 . The depth of all the grousers is 1.5 mm.
6.2 12 mm Diameter. The 12 mm diam crawler ͑Fig. 2, upper left͒ produced a maximum drawbar force of nearly 0.13 N for the 20 s ramp test, as shown in Fig. 15 . This amount of force is small; however, it is nearly equal to the robot's weight, suggesting that good in vivo mobility performance is possible.
6.3 15 mm Diameter. The 15 mm diam crawler ͑Fig. 2, upper right͒ produced a maximum drawbar force of nearly 0.27 N for the 20 s ramp test, as shown in Fig. 16 . This robot weighed 0.2 N, therefore, the amount of drawbar force is roughly 25% greater. This also suggests that good in vivo performance is possible.
6.4 20 mm Diameter. The 20 mm diam crawler with camera ͑Fig. 2, bottom left͒ produced a maximum drawbar force of 0.33 N for the 20 s ramp test, as shown in Fig. 16 . This robot weighed 0.4 N. Therefore, the ratio of the amount of drawbar force to the robot's weight is less than that of the 12 mm and 15 mm crawlers, suggesting reduced in vivo performance. 
Crawler Comparison.
The combined results for these drawbar tests are shown in Table 2 . The lowest weight to drawbar force ratio is for the 15 mm diam crawler, which suggests that it should provide the best in vivo mobility performance.
Animal Testing Results

Abdominal Exploration
Crawler. The final series of tests in this design process was to conduct in vivo tests of the mobile robots using a porcine ͑pig͒ model. In vivo mobility testing suggests that the current design produces sufficient drawbar forces to maneuver within the abdominal environment. Recent in vivo porcine tests show that the helical wheels allow the robot to traverse all of the abdominal organs ͑liver, spleen, small and large bowel͒, and climb organs two to three times its wheel diameter. These tests were performed without causing any visible tissue damage. Video recorded during one of these tests was used to reconstruct the path traversed by the robot, a portion of which is illustrated in Fig. 17 . The length of travel shown is approximately 0.5 m, while the total distance traveled without assistance was approximately 1 m.
Camera
Crawler. The mobile adjustable-focus camera robot ͑Fig. 2, bottom left͒ was developed to provide a mobile viewing platform within the abdominal cavity. Such a device could eliminate the need for the laparoscope camera port, thereby reducing patient trauma.
This miniature mobile camera robot was inserted through a trocar into the insufflated abdominal cavity of an anesthetized pig. The mobile robot allowed the surgeon to explore the abdominal cavity remotely and view trocar and tool insertion and placement without entry incision constraints. The surgeon then performed a cholecystectomy ͑Fig. 18, top left͒ ͑gallbladder removal͒ using the robot camera as the sole source of visual feedback ͑Fig. 18, top right͒ ͓45͔. This successful trial has demonstrated that miniature in vivo mobile wheeled robots can provide surgeons with sufficient visual feedback to perform common procedures while reducing patient trauma.
Biopsy and Camera Crawler.
A mobile biopsy camera robot ͑Fig. 2, bottom right͒ was constructed and tested in vivo in a porcine model ͓46͔. After insertion through a tool port, the robot was used to explore the abdominal environment by traversing the organs. After exploring the abdominal environment, the biopsy mechanism was used to acquire three samples of hepatic tissue from the liver of the animal ͑Fig. 18, bottom left͒. The robotic camera was used to find a suitable sample site. The biopsy graspers were opened and the sample site was penetrated with the biopsy forceps' spike. Then the graspers were actuated, cutting nearly all of the tissue sample free. The robot was then driven slowly away from the sample site, thereby extracting the tissue sample ͑Fig. 18, bottom right͒. This tissue sample was then retrieved after extracting the robot through the entry incision. This test successfully demonstrated that an in vivo robot can manipulate and cut tissue, and can be used to perform a one-port laparoscopic biopsy.
7.4 Natural Orifice Crawler. Natural orifice surgery, specifically peroral endoscopic transgastric abdominal surgery, is being very actively investigated in both animals and humans. This technique aims to replace traditional laparoscopic surgery by creating all of the incisions within the gastric ͑stomach͒ cavity instead of the exterior abdomen.
Natural orifice surgery promises to eliminate skin incisions and reduce post operative pain and discomfort. Such an approach provides a distinct benefit compared to conventional laparoscopy, where multiple entry incisions are required for tools and camera. Endoscopy is currently the only way to perform procedures through the gastrointestinal tract and is limited by instrumentation and the need to pass the entire scope into the patient. In contrast, a miniature robot that is inserted through the mouth would then be able to enter the abdominal cavity through a gastrotomy, and explore the entire peritoneal ͑abdominal͒ cavity.
In this study, we developed a small 12 mm diameter mobile robot ͑Fig. 2, top left͒ capable of transgastric abdominal exploration under esophagogastroduodenoscopic ͑EGD͒ control ͓47͔. Under EGD control, a gastrotomy was created and the miniature robot was deployed into the peritoneal cavity from the gastric cavity under remote control. Once in the peritoneal cavity, it traversed the abdominal organs. The robot was then retrieved through the gastric incision and esophagus, and the gastrotomy was closed. This demonstrated the effectiveness of natural orifice surgery using in vivo robotics. 
Conclusions
In this paper, we have presented the mechanical design of robotic wheels for successfully traversing the abdominal environment. The work presented here shows that the combination of finite element methods and laboratory tests can be useful in identifying a good wheel design, but the finite element results much be confirmed before using it as a design tool.
This study has pointed out several interesting results, namely, that a helical wheel profile performs superiorly, and that simple changes in the grouser geometry can affect drawbar force by up to 25%.
Analysis of the data presented indicates that the best wheel shape has a large diameter, and that the grousers have a low pitch angle, minimal thickness, and a depth of approximately 1 mm. This work presents a body of knowledge concerning the design of wheels for in vivo mobile robotics. Ultimately, future surgical procedures will include a family of robots working together. Each robot will provide certain capabilities, and collectively, they will provide a surgical suite. Such technology will help reduce patient trauma while providing surgical flexibility.
